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A kinetic model for the microbial reduction of Fe(III) oxyhydroxide colloids in the presence of excess electron donor is presented. The
model assumes a two-step mechanism: (1) attachment of Fe(III) colloids to the cell surface and (2) reduction of Fe(III) centers at the
surface of attached colloids. The validity of the model is tested using Shewanella putrefaciens and nanohematite as model dissimilatory
iron reducing bacteria and Fe(III) colloidal particles, respectively. Attachment of nanohematite to the bacteria is formally described by a
Langmuir isotherm. Initial iron reduction rates are shown to correlate linearly with the relative coverage of the cell surface by nanohe-
matite particles, hence supporting a direct electron transfer from membrane-bound reductases to mineral particles attached to the cells.
Using internally consistent parameter values for the maximum attachment capacity of Fe(III) colloids to the cells,Mmax, the attachment
constant, KP, and the ﬁrst-order Fe(III) reduction rate constant, k, the model reproduces the initial reduction rates of a variety of ﬁne-
grained Fe(III) oxyhydroxides by S. putrefaciens. The model explains the observed dependency of the apparent Fe(III) half-saturation
constant, Km, on the solid to cell ratio, and it predicts that initial iron reduction rates exhibit saturation with respect to both the cell
density and the abundance of the Fe(III) oxyhydroxide substrate.
 2006 Elsevier Inc. All rights reserved.1. Introduction
The dissimilatory reduction of ferric iron is an impor-
tant geomicrobial process in soils, sediments, aquifers,
and stratiﬁed water bodies, where it relies primarily on
Fe(III) oxyhydroxide minerals as terminal electron accep-
tors (Canﬁeld et al., 1993; Albrechtsen and Christensen,
1994; Taillefert et al., 2000). In addition to being an impor-
tant oxidation pathway of organic matter and generating
soluble ferrous iron, microbial iron reduction can have a
major impact on the persistence and mobility of metals,
radionuclides, and organic contaminants under anoxic con-
ditions (Lovley et al., 1993; Lovley and Coates, 1997;0016-7037/$ - see front matter  2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.gca.2006.04.029
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E-mail address: s.bonneville@geo.uu.nl (S. Bonneville).Anderson and Lovley, 1999; Cummings et al., 1999;
Zachara et al., 2001; McCormick et al., 2002; Behrends
and Van Cappellen, 2005). A particular challenge facing
iron reducing microorganisms is the very low solubility of
Fe(III) oxyhydroxides under near-neutral pH conditions.
The simplest strategy to overcome this limitation is for
the microorganisms to associate directly with the mineral
surfaces (Arnold et al., 1988; Caccavo, 1999; Caccavo
and Das, 2002). In the absence of direct cell–mineral con-
tact, soluble electron shuttles or chelating agents are need-
ed to transfer electrons from membrane-bound electron
transport proteins to Fe(III) (Kappler et al., 2004).
In a recent study, we showed that the initial reduction
kinetics of a variety of Fe(III) oxyhydroxides by the iron
reducing bacterium Shewanella putrefaciens systematically
exhibit saturation with respect to the Fe(III) substrate avail-
ability (Bonneville et al., 2004). The observed parabolic
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concentration could be ﬁtted to the Michaelis–Menten rate
equation, yielding a maximum reduction rate per cell, vmax,
and an apparent half-saturation constant, Km. The value of
vmax was found to be characteristic of the oxyhydroxide
mineral undergoing reduction, generally increasing with
increasing mineral solubility (Bonneville et al., 2004).
Our previous experimental results, and evidence from
other studies (Das and Caccavo, 2000; Caccavo and Das,
2002), indicate that the reduction of iron oxyhydroxides by
S. putrefaciens occurs predominantly via the transfer of elec-
trons to Fe(III) centers at the cell–mineral interface. When
the cell surface is saturated by the solid-state Fe(III) sub-
strate, the iron reducing activity of S. putrefaciens reaches
its maximum value, vmax. Further increasing the concentra-
tion of the Fe(III) substrate then no longer has an eﬀect on
the rate of iron reduction. This saturation behavior is cap-
tured by the Michaelis–Menten rate equation.
The usual form of the Michaelis–Menten rate equation
for enzymatic reactions assumes that the enzyme concen-
tration is small with respect to the substrate concentration.
The amount of substrate associated with the enzyme can
then be neglected, and the total and free concentrations
of the substrate are almost identical. For a dissolved sub-
strate, this simpliﬁcation is usually adequate, and the
half-saturation constant is uniquely deﬁned when ex-
pressed in terms of bulk substrate concentration units. Its
value provides a direct measure of the aﬃnity of the en-
zyme to combine with the substrate.
The reduction of Fe(III) oxyhydroxide minerals by
S. putrefaciens presents a more complex situation, however.
The Fe(III) centers that can undergo reduction are located in
the contact region between cell and mineral. The direct
Fe(III) substrate therefore only represents a fraction of the
bulkFe(III) in the system.Furthermore, under typical exper-
imental conditions, the approximation that the amount of
Fe(III) associatedwith cells is negligible, compared to the to-
tal amount of Fe(III), may not be valid. As a result, Km val-
ues expressed in units of bulk concentration of the Fe(III)
substrate (e.g., in moles of Fe(III) per unit volume miner-
al–cell suspension) are conditional, rather than intrinsic,
kinetic parameters. For instance, in our earlier study,Km val-
ues were shown to depend on the solid-to-cell ratio of the
experimental suspensions (Bonneville et al., 2004).Table 1
Properties of the Fe(III) oxyhydroxides
Iron oxyhydroxide Dimensions (nm) Shape
Nanohematite 8 Sphere
6-Line ferrihydrite 8 Sphere
LSAb hematite 90 Sphere
Lepidocrocite 50 · 300 Needle
HFOc 1.3 Sphere
a Maximum cell-normalized iron reduction rate by S. putrefaciens in the pre
b LSA = low surface area.
c HFO = hydrous ferric oxide.The present study explicitly links the association of min-
eral particles and iron reducing microorganisms to the rate
of dissimilatory iron reduction, using suspensions of
S. putrefaciens and nanoparticulate hematite as model
experimental system. Iron reduction rates measured in
the presence of excess electron donor are related to the rel-
ative coverage of the cells by the iron colloids. Based on the
results, a kinetic model for the microbial reduction of
nanohematite is developed, which takes into account the
abundance and size of the mineral particles. The predictive
capability of the model is tested by extending it to a num-
ber of other colloidal Fe(III) oxyhydroxides.
2. Materials and experimental methods
2.1. Fe(III) oxyhydroxides
Hematite nanoparticles were prepared by adding
100 mL of a 0.1 M Fe(NO3)3 solution at a ﬂow rate of
3 mL min1 to 1 L of boiling and vigorously stirred
demineralized water (Liger, 1996). After allowing the
hematite suspension to cool down to room temperature,
it was dialyzed in demineralized water adjusted to pH 4
with 0.5 M HCl, in order to remove the nitrate. Thereaf-
ter, the mineral suspension was ﬁltered successively
through 0.45 and 0.2 lm pore size ﬁlters (Millipore).
The average grain size of the hematite nanoparticles, mea-
sured using electron transmission microscopy (TEM), was
8 nm (±2 nm). X-ray diﬀraction and 57Fe Mossbauer
spectroscopy analyses revealed highly crystalline hematite
with trace amounts of ferrihydrite (Dr. D. Rancourt, Uni-
versity of Ottawa, personal communication). A surface
site density of 2.07 sites per nm2 and a pH of zero net
proton charge of 8.15 were derived from acid–base titra-
tions (Liger et al., 1999).
Amorphous ferric oxide (HFO) and ferrihydrite 6
lines were prepared following the procedures described
in Bonneville et al. (2004). Lepidocrocite (Bayferrox
943) and low surface area (LSA) hematite (Bayferrox
105M) were purchased from Harold Scholz & Co.,
GmbH, and used as received. The grain size and shape
(obtained using TEM), and the speciﬁc surface area
(measured by N2 BET) of the diﬀerent Fe(III) oxyhy-
droxides are listed in Table 1.Surface area (m2 g1) vmax
a (1011 lmol h1 cell1)
125 2.4
175 8.1
12 0.27
83 2.0
600 6.5
sence of excess lactate (from Bonneville et al., 2004).
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Cultures of S. putrefaciens 200R were provided by
Dr. T. DiChristina, Georgia Institute of Technology
(DiChristina and DeLong, 1994; DiChristina et al.,
2002). Cells were kept aerobically on Luria–Bertani (LB)
medium plates (Tryptone–water 15 g L1, agar 15 g L1,
NaCl 5 g L1, and yeast 5 g L1) and routinely cultured
in liquid LB medium on a rotary shaker (150 rpm) at room
temperature. The bacteria were harvested in the late expo-
nential-early stationary growth phase based on preliminary
culturing experiments where the bacterial density was mon-
itored over time under exactly the same conditions. The
cells were washed with 10 mM NaCl solution, followed
by centrifugation (6800g) and resuspension. The washing
procedure was repeated three times. After the last centrifu-
gation step, cells were concentrated in 50 mL of 10 mM
NaCl solution. The bacteria were harvested and washed
just before being used in the experiments.
Cell numbers were determined by epiﬂuorescence
microscopy after acridine orange staining (Hobbie et al.,
1977): 100 lL of bacterial suspension were mixed with
4.4 mL of phosphate buﬀer solution (8 g L1 NaCl,
2 g L1 KCl, 1.44 g L1 Na2HPO4, and 0.24 g L
1
KH2PO4), 200 lL of a 0.25 g L
1 acridine orange solution
and 0.5 mL of a 30% formaldehyde solution. After 10 min,
100–200 lL of the suspension was transferred to a 17 mm
diameter ﬁlter tower to which 5 mL phosphate buﬀer solu-
tion and 200 lL of acridine orange solution were added in
advance. The content of the tower was mixed by swirling
and then ﬁltrated through a black 0.2 lm polycarbonate ﬁl-
ter (Millipore). An epiﬂuorescence microscope equipped
with a camera was used to take ﬁve pictures of each ﬁlter.
The counting of the cells was performed automatically
using imaging software.
2.3. Microbial attachment and reduction of nanohematite
Attachment of nanohematite particles to S. putrefaciens
cells was measured under aerobic conditions and in the ab-
sence of electron donor. Concentrated cell suspensions of
S. putrefaciens were added to nanohematite suspensions
giving a ﬁnal volume of 50 mL. The suspensions were pre-
pared in 5 mM NaCl solutions, whose pH was adjusted to
5 using HCl. Preliminary tests showed that under these
conditions the nanohematite particles formed stable colloi-
dal suspensions. The absence of aggregation was a prere-
quisite for separating nanohematite particles attached to
bacteria from those remaining as free colloids.
The attachment experiments were performed at three
cell densities (3.0 · 108, 1.0 · 109, and 1.25 · 109 cells
mL1), while the nanohematite concentration was varied
from 25 to 2820 lmol Fe(III) L1. After 4 h of continuous
agitation on a horizontal shaker, aliquots of the suspen-
sions were centrifuged at 900g for 40 min. In preliminary
experiments, this centrifugation procedure was shown to
quantitatively pelletize the bacterial cells (>97% recovery),while avoiding sedimentation of free nanohematite parti-
cles (<9% loss). In a limited number of cases, aliquots of
cell–mineral suspensions were periodically sampled over
the duration of an experiment, in order to follow the
time-dependent attachment of nanohematite colloids to
the cells.
Total Fe(III) concentrations in the aliquots were deter-
mined before and after centrifugation: 750 lL of suspen-
sion was mixed with 250 lL of 2 M HCl and kept at
60 C overnight in order to completely dissolve the nanohe-
matite. Hydroxylamine hydrochloride solution (1.4 M in
2 M HCl) was then added to reduce Fe(III) to Fe(II), fol-
lowed by the determination of total iron concentration by
ferrozine essay (Viollier et al., 2000). The amount of hema-
tite attached to the bacteria was calculated from the diﬀer-
ence between the iron concentrations measured before and
after centrifugation.
The attachment experiments were directly followed by
microbial Fe(III) reduction experiments. After centrifuga-
tion, the suspension of free nanohematite colloids overly-
ing the pellet was decanted. The pellet, containing the
bacterial cells with attached nanohematite, was resus-
pended in a medium of 10 mM lactate, 5.6 mM KCl,
14 mM Na2SO4, 20 mM NH4Cl, 1.2 mM CaCl2Æ6H2O,
1 mM MgSO4, and 10 mM Hepes buﬀer. The medium
pH was adjusted to 7. The incubation experiments were
performed in 100 mL septum bottles under anaerobic
conditions at room temperature (22 C). The bottles were
kept on a rotary shaker and sampled regularly during
250 h. Concentrated HCl was added to the samples to
a ﬁnal concentration of 0.5 M HCl. After 1 h, the total
Fe(II) concentration was measured, following the method
of Viollier et al. (2000). The measured total Fe(II) con-
centration included in dissolved Fe(II) as well as Fe(II)
sorbed to the nanohematite or the bacteria.
2.4. Detachment experiments
The reversibility of nanohematite attachment to cells
of S. putrefaciens was tested in three sets of seven exper-
iments. Each experimental set was carried out with a dif-
ferent concentration of nanohematite (2044, 1089, and
102 lM Fe(III)), exposed to a bacterial density of
2.8 · 108 cells mL1. Attachment of nanohematite to the
bacteria followed the procedure described in Section
2.3. After centrifugation, pellets containing bacteria and
attached nanohematite were resuspended under aerobic
conditions in 5 mM NaCl solution at seven diﬀerent
pH values: 5, 5.5, 6, 6.5, 7, 8, and 9. No electron donor
was added to the experimental media. The bottles were
kept on a shaking table under aerobic conditions; sam-
ples were collected 10 min and 24 h after resuspending
the bacteria. The samples were ﬁltered through 0.2 lm
pore size ﬁlters to retain bacterial cells and attached
nanohematite particles. Total Fe(III) concentrations in
the ﬁltrate solution were measured as described in Sec-
tion 2.3. The amount of nanohematite detached from
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Microbial reduction of Fe(III) colloids: A kinetic model 5845the cells was calculated as the diﬀerence between the ini-
tial amounts of hematite attached at pH 5 and that
remaining after 24 h of resuspension in 5 mM NaCl solu-
tion at variable pH.
3. Experimental results
3.1. Nanohematite attachment to S. putrefaciens
The results of the 25 individual attachment experiments
are summarized in Fig. 1. At low mineral to cell ratios
(<5 · 1010 lmol Fe(III) cell1), on the order of 90% of the
added nanohematite was associated with the bacteria. With
increasing mineral loading, the cell-normalized amount of
attached nanohematite ultimately reached a maximum
value. The observed saturation of the cells with nanohema-
tite for three bacterial densities could be ﬁtted to a Langmuir
isotherm (Fig. 1), with average values for the attachment
constant, KP, of 2.0 · 102 L lmol1 Fe(III) and the
maximum attachment capacity on the cells, Mmax, of
1.1 · 109 lmol Fe(III) cell1. Fitting of the Langmuir
isotherm to the data for the individual cell densities
yielded ranges for the parameters values of 0.8–1.4 ·
109 lmol cell1 (Mmax) and 1.0–5.3 · 102 L lmol1 (KP).
The attachment kinetics were fast with little change in the
cell-bound nanohematite concentration beyond the ﬁrst
10 min after adding cells to the colloidal hematite suspen-
sions (results not shown). Furthermore, in all of the 21
detachment experiments, less than 10% of nanohematite
was recovered in the ﬁltrates after 24 h, irrespective of the
medium pH (pH range 5–9, results not shown). Especially
under acid conditions (pH 5–6), no evidence for coagulation
of nanohematite was found. Therefore, retention of nanohe-
matite on the ﬁlters most likely reﬂected cell-bound mineral10-12
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Fig. 1. Attachment of nanohematite to S. putrefaciens 200R, upon
exposure of three bacterial densities (3.0 · 108, 1.0 · 109, 1.25 ·
109 cells mL1) to a range of total nanohematite concentrations (from
25 to 2820 lmol Fe(III) L1) in 5 mM NaCl, at pH 5. The horizontal axis
corresponds to the concentration of nanohematite particles that do not
attach to the cells. The solid line is the best-ﬁt Langmuir isotherm to the
entire data set. The dashed line is the Mmax value derived from this ﬁt.particles. Thus, the nanohematite particles appeared to be
strongly bound to the surface of S. putrefaciens. Henceforth,
it was assumed that nanohematite colloids attached to the
cells at pH 5 remained cell bound during the subsequent
reduction experiments at pH 7.
3.2. Nanohematite reduction by S. putrefaciens
Upon resuspension of cells with attached nanohematite
in lactate-containing, pH 7, medium, Fe(II) started build-
ing up after a lag time on the order of 24 h (Fig. 2a). The
Fe(II) concentration then increased near-linearly for about
200 h (Fig. 2a), followed by a progressive slowing down of
the rate of Fe(II) production (not shown). The initial rates
were calculated from the linear build-up of Fe(II) after the
lag time. As shown in Fig. 2b, the initial, cell-normalized
Fe(III) reduction rates were found to be proportional to
the initial amounts of attached nanohematite. Linear
regression of the data in Fig. 2b yielded a ﬁrst-order rate
constant of 3 · 103 h1 for the reduction of nanohematite
by S. putrefaciens.attached nanohematite
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Fig. 2. (a) Build-up of Fe2+ concentration in cell–mineral incubations for
variable amounts of nanohematite attached to S. putrefaciens cells. (b)
Linear dependency of the initial iron reduction rate on the initial mass of
cell-bound nanohematite. See text for complete description and discussion
of the experiments.
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The conceptual model for the reduction of Fe(III) col-
loids by S. putrefaciens is illustrated in Fig. 3. Reduction
is assumed to occur via transfer of electrons from mem-
brane-bound reductases to nearby Fe(III) centers at the
surface of attached Fe(III) colloids. Far-ﬁeld Fe(III) reduc-
tion, involving soluble electron shuttles, is not considered
in the model. Therefore, the total reduction rate should
reﬂect the abundance of Fe(III) colloids directly bound to
the bacterial cells.
Based on the results presented in Fig. 1 for nanohema-
tite, the model assumes that the partitioning of Fe(III) col-
loids to initially mineral-free cells of S. putrefaciens can
formally be represented by a Langmuir isotherm:
hB ¼
FeIIIcell
 
BMmax
¼ KP Fe
III
free
 
1þ KP FeIIIfree
  ð1Þ
where hB represents the relative coverage of the cells by the
colloids ½FeIIIfree is the concentration of ‘‘free’’ colloidal par-
ticles, that is, particles not attached to cells, ½FeIIIcell is the
concentration of colloids attached directly to the cells,
Mmax is the maximum attachment capacity per cell, B is
the bacterial density per unit volume suspension, and KP
is the attachment constant.
Assuming a homogenous distribution of reductase sites
at the cell surface, plus a uniform size of the iron colloids,
the number of reaction centers for electron transfer should
be proportional to the relative coverage of the cells, hB. The
initial Fe(III) reduction rate is then given by:Fig. 3. Conceptual model of the reduction of Fe(III) colloids by S. putrefaciens
the Fe(III) colloids to the iron reducing microorganism and (2) reduction of F
membrane-bound Fe(III) reductases (indicated as ‘‘Reduct.’’).R ¼  d Fe
III
tot
 
dt
¼ kBMmaxhB ¼
kBMmax Fe
III
free
 
1
KP
þ FeIIIfree
  ð2Þ
where k is a ﬁrst-order reduction rate constant and ½FeIIItot is
the total (initial) concentration of Fe(III) colloids in units
of mass Fe(III) per unit volume total suspension. Accord-
ing to Eq. (2), the maximum cell-normalized iron reduction
rate, vmax, is:
vmax ¼ kMmax ð3Þ
Combining Eqs. (2) and (3), and deﬁning the reciprocal val-
ue of KP as Km, results in:
R ¼ vmaxB Fe
III
free
 
Km þ FeIIIfree
  ð4Þ
Eq. (4) is formally identical to the Michaelis–Menten
rate equation with ½FeIIIfree as the substrate concentration.
Direct application of Eq. (4) to data sets on microbial
Fe(III) reduction, however, is hindered by the fact that usu-
ally the total, rather than the ‘‘free’’, concentration of the
Fe(III) substrate is known (for examples, see, Roden and
Zachara, 1996; Bonneville et al., 2004). Furthermore, in
many circumstances it may not be appropriate to approxi-
mate the concentration of free Fe(III) colloids by the total
Fe(III) concentration. For instance, in the case of nanohe-
matite, at low mineral-to-cell ratios, the majority of parti-
cles are attached to the cells (Section 3.1). Under these
circumstances, ½FeIIIfree represents only a fraction of ½FeIIItot.
In systems where the partitioning of Fe(III) colloids can
be described by Eq. (1), incorporation of the mass balance
for ferric iron ½FeIIItot ¼ ½FeIIIfree þ ½FeIIIcell into Eq. (1) yields a. The reduction process consists of two consecutive steps: (1) attachment of
e(III) centers at the surface of attached colloids by electron transfer from
Cell surface
Fe
particle
r
Mmax (r1) < Mmax (r2) < Mmax (r3)
r1 r2 r3
2 r
a
b
Fig. 4. (a) Geometric estimation of the maximum mass of Fe(III) colloids,Mmax, that can bind directly to the cell surface, assuming a cubic packing of the
colloids. (b) Particle size dependency of Mmax.
Microbial reduction of Fe(III) colloids: A kinetic model 5847quadratic equation in ½FeIIIfree. Combining the solution to
the quadratic equation with Eq. (4), we then obtain:
R ¼ k 1þ Aþ C 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ Að2þ A 2CÞ þ Cð2þ CÞp
2KP
ð5Þ
where A ¼ KP½FeIIItot and C =Mmax BKP. In rate Eq. (5), the
initial reduction rate is expressed as a function of the total
initial concentration of Fe(III) colloids, ½FeIIItot, and the cell
density, B. The equation contains three adjustable param-
eters, k, KP, and Mmax, which are speciﬁc for the Fe(III)
colloid–microbe system under consideration.
Assuming that only the Fe(III) centers in direct contact
with the cell membrane are susceptible of being reduced,
the maximum capacity, Mmax, in rate Eq. (5) should reﬂect
the size of the Fe(III) colloids, relative to that of the cells
(Fig. 4). For colloids that are much smaller than the cells
(as in the case of nanohematite), a simple geometrical esti-
mate of Mmax can be calculated as:
Mmax ¼ nFeV PqMP 
AB
AP
ð6Þ
where AB is the surface area of the cell, while AP is the pro-
jected surface area of a mineral particle onto the cell
(Fig. 4a); Vp, q, MP, are the volume, density, and molar
mass of the Fe(III) colloids, and nFe is the number of iron
atoms in the stoichiometric formula of the Fe(III) oxyhy-
droxide mineral. Fig. 4a illustrates how an order-of-magni-
tude estimate ofMmax can be derived for spherical colloids,
assuming a simple, two-dimensional cubic surface packing
of the colloids.
It is important to note that the above rate model ap-
plies to the initial stage of reduction, when the amount
of Fe(III) reduced is negligible compared to the total
amount of Fe(III) initially present. Upon desorption of
a reduced Fe(II) ion from the surface of a cell-bound
Fe(III) colloid, an underlying Fe(III) center is exposed,
which, in turn, becomes available for reduction. Thisrecycling mechanism ensures that the concentration of
Fe(III) centers at the bacterium–mineral interface re-
mains initially constant, justifying the steady-state
assumption for ½FeIIIcell implied in the derivation of the
rate law. To describe iron reduction kinetics beyond
the initial stage of reduction, one would need to account
for the decrease of Fe(III) particles size during dissolu-
tion (Larsen and Postma, 2001), as well as for the pro-
gressive loss of cell viability and the accumulation of
Fe(II) in the system (Roden and Urrutia, 2002).
5. Discussion
5.1. Nanohematite attachment to S. putrefaciens
The kinetic model presented in Section 4, couples the
iron reduction rate to the relative coverage of the iron
reducing bacteria by Fe(III) colloids. In particular, the
assumption that attachment of the colloids to the cells fol-
lows a Langmuir isotherm (Eq. (1)) implies that the half-
saturation constant, Km, appearing in rate Eq. (4) equals
the reciprocal of the attachment constant, KP, of the iso-
therm. Furthermore, the iron reduction rate approaches
its maximum value when the cells approach monolayer
coverage by Fe(III) colloids.
The Langmuir isotherm provides an adequate macro-
scopic description of the attachment of nanohematite to
S. putrefaciens at pH 5 (Fig. 1). A progressive increase in
cell coverage by nanohematite with increasing mineral
loading is also apparent in electron micrographs of cells ex-
posed to variable nanohematite concentrations (Fig. 5). As
can be seen in Fig. 5, for very high nanohematite to cell ra-
tios, the cells become surrounded by a near-continuous
layer of attached Fe(III) colloids.
The maximum attachment capacity, Mmax, measured in
the attachment experiments at pH 5 (Fig. 1;
Mmax = 1.1 · 109 lmol Fe(III) cell1) is, as described in
 Medium 
Low 
High 
Fig. 5. TEM (right) and STEM (left) micrographs of S. putrefaciens cells that have been exposed to 20 (Low), 100 (Medium), and 500 (High) lmol L1 of
nanohematite (cell density = 2 · 108 cells mL1, pH 7). The shrunken appearance of the bacteria at high and medium iron loads are due to longer exposure
to the high vacuum environment inside the TEM compared to bacteria exposed to low nanohematite concentration.
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from the relative sizes of the cells and Fe(III) colloids. A
geometric surface area for S. putrefaciens of
8.3 ± 2.1 lm2 is derived from the average (n = 63) diameter
(0.7 ± 0.1 lm) and length (3.1 ± 0.7 lm) of intact bacterial
cells observed with transmission electron microscopy. With
this surface area, and assuming an average diameter of
8 nm for the nanohematite particles (Section 2.1), a density
of hematite of 5.26 g cm3, and a cubic packing of the
Fe(III) colloids on the cell wall (Fig. 4a), Eq. (6) yields
Mmax = 2.3 · 109 lmol Fe(III) cell1. This value falls
within a factor of two of that obtained independently from
the attachment experiments, that is, well within the uncer-
tainties of both estimations of Mmax.
Strictly speaking, the Langmuir isotherm applies to
reversible adsorption reactions of molecular species to
two-dimensional surfaces, that is, processes that diﬀer fun-
damentally from the adhesion of mineral particles to bacte-rial cell walls. Thus, the Langmuir isotherm is used here as
an empirical equation that accounts for the observed satu-
ration behavior of the concentration of cell-bound nanohe-
matite. Similarly, Das and Caccavo (2001) found that the
attachment of bacterial cells to large iron oxide particles
could be described by a Langmuir isotherm.
Electrophoretic mobility measurements and acid–base
titrations show that S. putrefaciens cells carry a net nega-
tive charge at pH P4 (Claessens et al., 2004). In contrast,
nanohematite is positively charged at pH 5, given its pH of
zero net proton charge of 8.15 (Liger et al., 1999). Conse-
quently, under the conditions of the attachment experi-
ments (pH 5 and low ionic strength), electrostatic
repulsion among nanohematite particles and coulombic
attraction between nanohematite particles and bacteria
facilitates the attachment of the Fe(III) colloids to the cells.
The available evidence, however, indicates that short-
range, non-coulombic interactions, that is, hydrogen bonds
Microbial reduction of Fe(III) colloids: A kinetic model 5849and dipole–dipole interactions, play a major role in irre-
versibly binding the nanohematite particles to the cells.
Cells of Shewanella species can apparently synthesize
speciﬁc proteins that enhance adhesion of Fe(III) oxyhy-
droxide particles (Caccavo, 1999; Lower et al., 2000; Lower
et al., 2001). Even in the absence of speciﬁcally synthesized
proteins, however, non-coulombic interactions between
structural components of the outer cell wall of Gram-neg-
ative bacteria and Fe(III) oxide minerals likely generate
strong attractive forces at short distances. In particular,
the ﬂexible O side chain of lipopolysaccharides, a major
constituent of the outer membrane of Gram-negative bac-
teria, may account for the ‘‘non-speciﬁc’’ attractive forces
measured upon retraction of Shewanella oneidensis from
Fe(III) oxyhydroxide mineral surfaces (Lower et al.,
2001). The absence of signiﬁcant release of attached nano-
hematite in pH range 5–9 (Section 3.1) further implies that
strong, non-coulombic forces maintain the colloidal parti-
cles attached to the cells.
5.2. Microbial reduction of nanohematite
Several outer-membrane c-type cytochromes capable of
mediating electron transfer to Fe(III) and Mn(IV) oxides
have been isolated from Shewanella cultures (Arnold
et al., 1988; Myers and Myers, 1997; Beliaev and Saﬀarini,
1998; Caccavo, 1999; Blakeney et al., 2000). Their abun-
dance depends on the growth conditions of the bacteria,
with values of 0.45 · 102 and 1.96 · 102 lmol c-type
cytochrome per mg of protein reported for cultures of
S. putrefaciens 200 grown under aerobic and microaerobic
conditions, respectively (Picardal et al., 1993). Based on the
average protein content of S. putrefaciens 200R cells grown
aerobically in LB medium (56% of the cell dry weight, Bin
Lin, Free University of Amsterdam, personal communica-
tion), and their dry cell mass (3 · 1013 g cell1), a S. putre-
faciens cell should contain on the order of 7 · 1019 mol of
c-type cytochromes. If these cytochromes can be assimilat-
ed to reduction sites for Fe(III) then, for an estimated cell
surface area of 8.3 lm2 (Section 5.1), we obtain a density of
0.054 sites per nm2, or an average of about three reductase
sites per cell-bound nanohematite particle. The reductase
abundance is thus suﬃcient to insure that every nanohema-
tite particle becomes a potential electron acceptor upon
attachment to the cell surface.
As the coverage of the outer membrane by nanohema-
tite increases, so does the number of reaction centers for
electron transfer from the cell to Fe(III) (Fig. 3). Irrespec-
tive of the details of the reaction mechanism, the overall
Fe(III) reduction rate should then also increase. This mod-
el prediction is veriﬁed by the observed proportionality be-
tween the initial Fe(III) reduction rate and the surface
coverage of the cells by nanohematite (Fig. 2b).
In order to determine the dependence of the iron reduc-
tion rate on the amount of attached Fe(III) colloids, the
cells were ﬁrst exposed to pH 5 nanohematite suspensions
prior to initiating reduction at pH 7 (Section 2.3). In gen-eral, however, iron reduction experiments are started by
directly introducing the cells in suspensions of Fe(III) oxy-
hydroxides at circumneutral pH. The reduction kinetics,
however, diﬀer whether the cells are initially exposed to
acidic conditions or not, as shown by comparing the ﬁrst-
order reduction rate constant obtained here
(k = 3 · 103 h1, Section 3.2) with that derived from the
study of Bonneville et al. (2004). In the latter study, reduc-
tion of nanohematite by S. putrefaciens yielded
vmax = 2.4 · 1011 lmol h1 cell1. Combining this value
of vmax with that of Mmax (2.3 · 109 lmol cell1) in Eq.
(3), results in a higher rate constant, k = 1.0 · 102 h1.
The slower iron reduction kinetics observed here likely re-
ﬂects a loss of viability of S. putrefaciens cells when ex-
posed to acidic conditions, as reported by Claessens et al.
(2004, 2006).
In microbial iron reduction experiments where cells and
Fe(III) oxyhydroxide colloids are directly brought together
at near-neutral pH, aggregation of the mineral particles
may take place. Because in the proposed model only
Fe(III) centers located at the mineral–cell interface are po-
tential electron acceptors (Fig. 3), aggregation should have
little eﬀect on Mmax. That is, for a given cell size, the max-
imum number of Fe(III) particles that can attach directly
to the cells still depends principally on the shape and size
of the individual mineral particles. In contrast, deviations
in the attachment constant, KP, may be expected because,
at near-neutral pH, attachment of Fe colloids to the cells
now competes with attachment to other Fe(III) colloids.
5.3. Half-saturation constants
Bonneville et al. (2004) ﬁtted initial reduction rates of a
variety of ﬁne-grained Fe(III) oxyhydroxide minerals by
S. putrefaciens to a rate expression of the form of Eq.
(4), but using the total Fe(III) concentration, ½FeIIItot, as
the substrate concentration:
R ¼ vmaxB Fe
III
tot
 
Km þ FeIIItot
  ð7Þ
Given the high aﬃnities of the Fe(III) oxides for the cells,
½FeIIItot is expected to deviate signiﬁcantly from the concen-
tration of non-attached particles, ½FeIIIfree, especially at low
mineral to cell ratios. The ﬁtted half-saturation constants,
Km, should therefore be regarded as conditional parame-
ters. Indeed, the optimized values of Km reported by Bon-
neville et al. (2004) depend on the mineral to cell ratio. As
shown below, such a dependence is predicted by the kinetic
model presented in Section 4.
Model-derived rates of iron reduction are plotted in
Fig. 6a as a function of the total Fe(III) concentration,
for variable cell densities (106 up to 1010 cells mL1). The
reduction rates are calculated using Eq. (5), which relates
v (=R/B),the cell-normalized reduction rate, to ½FeIIItot. A
constant value of KP of 10
3 L lmol1 is imposed, and
the Fe(III) particles are assumed to be spherical with a
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Fig. 6. Model-predicted microbial iron reduction kinetics for spherical Fe(III) colloids, as a function of cell density (a) and particle diameter (b). See text
for details.
5850 S. Bonneville et al. 70 (2006) 5842–5854diameter of 10 nm. For all cell densities considered, the
model-derived iron reduction rates exhibit a Michaelis–
Menten-type dependence on the total Fe(III) concentration
(Fig. 6a). At low to intermediate cell densities (106–
108 cells mL1), the v versus ½FeIIItot curves are nearly identi-
cal, and the apparent Km values approach the intrinsic half-
saturation constant, Km = 1/KP. At the higher cell densities
(109 and 1010 cells mL1), Km values exceed Km. This is be-
cause, at a given ½FeIIItot, the relative coverage of individual
cells by Fe(III) colloids, hB, decreases with increasing cell
density. It is important to stress that the higher Km values
at the higher cell to mineral ratios are not due to a decrease
in the aﬃnity of the Fe(III) particles for attachment to the
cells, but to a change in the partitioning of ½FeIIItot between
cell-bound and free Fe(III) particles.
For practical reasons, the Fe(III) substrate availability is
expressed in mass-based concentration units. However, the
actual Fe(III) centers that undergo reduction are located atthe surface of Fe(III) particles attached to the cells. Because
particlemass and surface area are not linearly related, appar-
ent half-saturation constants should also depend on particle
size. This is shown in Fig. 6b, where iron reduction rates cal-
culated for a ﬁxed bacterial density (5 · 108 cells mL1) and
a ﬁxed value of KP (10
3 L lmol1) are plotted. The spheri-
cal Fe(III) colloids are assigned diameters varying from 10 to
200 nm. With increasing particle size, the model predicts
increasing Km values, because of decreasing mineral–cell
contact area. Again, the observed variability in Km reﬂects
apparent, rather than true, changes in the attachment aﬃnity
of the mineral particles for the cells.
5.4. Application to other Fe(III) oxyhydroxide
The kinetic model successfully reproduces the observed
saturation of the rate of nanohematite reduction by
S. putrefaciens with increasing mineral loading. A similar
Microbial reduction of Fe(III) colloids: A kinetic model 5851behavior has been observed for the reductive dissolution of
a number of other colloidal Fe(III) oxyhydroxides by S.
putrefaciens (Bonneville et al., 2004). Thus, it seems reason-
able to hypothesize that rate Eq. (5) provides a general
description of the dependence of the reduction rate of
Fe(III) colloids on the Fe(III) substrate concentration,
½FeIIItot, and the cell density, B.
As for nanohematite, the maximum mass of iron parti-
cles that can directly attach to the cell surface,Mmax, is cal-
culated based on the size, shape, and density of the Fe(III)
oxyhydroxides (Table 1). The estimates of Mmax vary by
more than two orders of magnitude (Table 2). These vari-
ations reﬂect the large diﬀerences in size, and hence speciﬁc
surface area, of the diﬀerent minerals considered. By com-
bining in Eq. (3) the estimates of Mmax with the maximum
cell-normalized reduction rates, vmax, reported by Bonne-
ville et al. (2004), values for the ﬁrst-order reduction rate
constants, k, are obtained (Table 2). The rate constants
range over four orders of magnitude with the highest valueTable 2
Kinetic model parameters
Iron oxyhydroxide Mmax (lmol cell
1) KP (L lmol
1) k (h1)
Nanohematite 2.3 · 109 1.1 · 103 1.0 · 102
6-Line ferrihydrite 8.6 · 1010 8.0 · 104 9.4 · 102
LSA hematite 2.6 · 108 2.0 · 103 1.0 · 104
Lepidocrocite 1.5 · 108 5.0 · 105 1.3 · 103
HFO 4.3 · 1010 1.0 · 103 1.5 · 101
LSA hematite Amorp
Fe(III) oxyh
K m
*
in
m
M
0
5
10
15
20
25
30
35
model derived values
Experimental values
Lepidocrocite
me
10-13
m
o
de
le
d
Fe
(III
)r
e
du
ct
io
n
ra
te
in
m
ic
ro
m
ol
h-
1
ce
ll-1
10-13
10-12
10-11
10-10a
H M L
H M L
H M L
Fig. 7. Application of the proposed kinetic model to the reduction of diﬀeren
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versus measured microbial iron reduction rates for the diﬀerent Fe(III) oxyhyd
et al. (2004). See text for detailed discussion.for amorphous hydrous ferric oxide (HFO) and the lowest
for low surface area (LSA) hematite.
Using the predetermined values ofMmax and k, the only
remaining adjustable parameter in rate Eq. (5) is the
attachment constant KP. For each Fe(III) oxyhydroxide
phase, an optimized value of KP is obtained by ﬁtting Eq.
(5) to the rates measured by Bonneville et al. (2004). As
summarized in Fig. 7b, the kinetic model successfully
reproduces the order-of-magnitude variations in iron
reduction rates of the ﬁve oxyhydroxides, for variable
Fe(III) substrate concentrations and bacterial cell densities.
The value of KP derived for nanohematite from ﬁtting
Eq. (5) to the Fe(III) reduction rate data (1.1 ·
103 L lmol1, Table 2) deviates from that determined in
the attachment experiments (2.0 · 102 L lmol1, Section
3.1). This discrepancy is ascribed to diﬀerences in pH and
ionic strength conditions. At the higher ionic strength
(0.02 versus 0.005 M NaCl) and pH (7 versus 5) of the incu-
bations of Bonneville et al. (2004), colloidal suspensions of
nanoparticulate hematite are not stable and coagulation is
observed. Therefore, the attachment of hematite nanopar-
ticles to the cells competes with the attachment of the nano-
particles to one another. This competition should result in
a lower value of attachment constant to the cells, KP.
Similar values of KP are obtained for all the oxyhydrox-
ides, with the exception of lepidocrocite (Table 2). The or-
der-of-magnitude smaller KP value for lepidocrocite
suggests a lower tendency of this mineral to attach to thehous
ydroxide
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asured Fe(III) reduction rate in micromol h-1 cell-1
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Fig. 8. Rates of hydrous ferric oxide (HFO) reduction by S. alga strain
BrY. (a) Fit of Eq. (5) to rates measured at variable HFO concentrations
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5852 S. Bonneville et al. 70 (2006) 5842–5854cells. Possibly, this is due to the elongated shape of the lep-
idocrocite (Table 1), which may interfere with a close pack-
ing of the particles at the bacterial surface. In contrast, all
other Fe(III) colloids are spherical. Further studies are
needed, however, to determine whether steric eﬀects related
to particle shape explain the deviating KP value for lepido-
crocite. It is important to note that the estimation of Mmax
via Eq. (6) is only valid when the oxyhydroxide particles
are much smaller than the cells. For mineral particles
exceeding the size of the cells, it is more appropriate to con-
sider the isotherm describing the attachment of the bacteria
to the mineral surface. The reduction rate would then be
expressed in terms of the relative coverage of the available
mineral surface by the cells.
From the optimized KP values, it is possible to derive
apparent Km values as a function of the cell density (Sec-
tion 5.3, Fig. 6a). The model-derived Km values can then
be compared directly to the values obtained experimentally
for diﬀerent bacterial cell densities in the study of Bonne-
ville et al. (2004). As shown in Fig. 7a, the model correctly
predicts the magnitudes of the Km values, and reproduces
the observed dependency of Km on cell density.
5.5. Bioreduction kinetics and cell density
So far, emphasis has been on explaining the saturation
of the rate of microbial iron reduction with respect to the
concentration of the Fe(III) solid phase (e.g., Fig. 6). As
shown by Roden and Zachara (1996) and Roden (2003),
iron reduction rates also asymptotically approach maxi-
mum values when increasing the cell density in bacteria–
mineral suspensions. This behavior is not directly apparent
from Eqs. (2) and (4), which may seem to imply a linear
dependence of the reduction rate on the cell density,
B. This linear dependence, however, is only apparent, be-
cause, at a given total concentration of the Fe(III) colloids,
the relative coverage of the cells, hB, is itself dependent
on B.
To demonstrate that the kinetic model presented here
reproduces the saturation of microbial Fe(III) reduction
kinetics with increasing cell density, Eq. (5) is applied to
the data for hydrous ferric oxide (HFO) reduction by
Shewanella alga strain BrY reported in Roden and Zachara
(1996). These authors measured initial iron reduction rates
at constant bacterial density while varying the HFO con-
centration (Fig. 1 in Roden and Zachara, 1996), but also
at constant HFO concentration while varying the cell den-
sity (Fig. 3 in Roden and Zachara, 1996). Eq. (5) is there-
fore ﬁrst ﬁtted to the reduction rates measured for variable
HFO concentrations, assuming a mineral particle size of
6 nm. From the ﬁt, a value for KP of 2 · 105 L lmol1
is obtained. Next, rate Eq. (5) is used to forecast HFO
reduction rates as a function of cell density at a constant
HFO concentration. The model-predicted rates are then
compared to the measured rates.
The results of the initial model ﬁt and the subsequent
model forecast are shown in Fig. 8. The observed parabolicdependence of the Fe(III) reduction rate on the HFO con-
centration (Fig. 8a) is similar to that found for the micro-
bial reduction of HFO and other Fe(III) oxyhydroxides by
Bonneville et al. (2004). Therefore, not surprisingly, the
data in Fig. 8a can be ﬁtted by Eq. (5). However, with
the same set of model parameters, Eq. (5) also correctly
predicts the observed dependence of the HFO reduction
rate on the density of iron reducing bacterial cells (Fig. 8b).
6. Conclusions
The proposed kinetic model links the rate of enzymatic
reduction kinetics of colloidal Fe(III) oxyhydroxides to the
relative coverage of iron reducing cells by mineral particles.
The experimental and modeling results highlight the central
role of cell–mineral adhesion processes in the reduction of
solid phase Fe(III) by S. putrefaciens, and the need for a
better understanding of their molecular nature. The model
captures a number of essential features of iron reduction
kinetics in mixed cell–mineral suspensions, in particular,
the observed saturation of the bioreduction rate with re-
Microbial reduction of Fe(III) colloids: A kinetic model 5853spect to both the solid phase Fe(III) substrate concentra-
tion (Bonneville et al., 2004) and the cell density (Roden
and Zachara, 1996). The model further accounts for the
particle size dependency of the microbial reduction of
Fe(III) colloids.
The idealized experimental system considered clearly
does not account for all the complexity of microbial iron
reduction in natural environments. The proposed kinetic
model, for instance, does not address the key role played
by the bioavailability of potential electron donors (Lovley
et al., 1989; Petruzzelli et al., 2005), the physical accessi-
bility of Fe(III) minerals to iron reducers (Zachara
et al., 1998), or the community structure and ecology of
resident microbial populations (Ro¨ling et al., 2001). In
addition, the model applies speciﬁcally to iron reduction
requiring direct cell–mineral attachment, which, itself, de-
pends on a variety of parameters, such as pH, ionic
strength, cell physiology, and the structure of the bacterial
membrane. Further work is thus needed to incorporate
the results of this study into a broader kinetic framework
describing microbial Fe(III) reduction activity in environ-
mental systems.
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